Edwardsiella tarda challenge and heavy metal exposures in mud loach (Misgurnus mizolepis; Cypriniformes) kidney and spleen. Transcription of the two mud loach GAPDH paralogs (mlGAPDH-1 and mlGAPDH-2) was significantly modulated by these stimulatory challenges in an isoform-dependent manner. Based on the real-time RT-PCR analysis, the mlGAPDH-2 transcripts were more preferentially induced by E. tarda challenge, whereas the mlGAPDH-1 transcripts were proven to show more inducibility in response to heavy metal exposure using Cd, Cu, Mn and Zn at 5 μM. Their isoform-specific response patterns were closely in accordance with the TF binding profiles in promoter and intron-1 of the two mlGAPDH isoforms, in which the mlGAPDH-2 has more binding sites for immune-related transcription factors than mlGAPDH-1 while the mlGAPDH-1 possesses exclusively metal responsive elements in its intron. Collectively, the mlGAPDHs are potentially involved in cellular pathways independent of glycolysis and the two GAPDH paralogs might undergo functional diversification or subfunctionalization at least at the transcription level.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; EC 1.2.1.12) catalyzes the oxidative phosphorylation of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate, which is an essential step of the catabolic carbohydrate metabolism in energy production. GAPDHs are found in most aerobic organisms and ubiquitously detectable in most cell types. However, previous studies on mammalian species highlighted that this classic, glycolytic protein should be recognized as a multiplayer involved in various cellular pathways that are independent of its essential role in energy production †Corresponding author : Yoon Kwon Nam
Tel : +82-51-629-5918 E-mail : yoonknam@pknu.ac.kr (Sirover, 2005) . Mammalian GAPDHs have been proven to function in as a modulator of apoptosis (Ishitani et al., 2003) , nuclear transporter of tRNA (Singh and Green, 1993 ) and protector of telomeric DNA (Demarse et al., 2009) . They are also known to be closely related with DNA repair and membrane fusion of the mammalian cells (Robbins et al., 1995; Azam et al., 2008) . To date, most of nonglycolytic functions of GAPDHs in mammals have been turned out to be based on their posttranslational modifications that are frequently followed by subcellular translocation and localization, rather than transcriptional regulation of the mRNA levels (Mazzola and Sirover, 2003) . Mammalian species express a major isoform (GAPDH-1) in diverse tissues wherein this
Young Sun ChoㆍDong Soo KimㆍYoon Kwon Nam 270 isoform displays multivalent functions as described above and also a second, minor isoform that is transcribed only in spermatogenic cells (so-called also "GAPDH-S") (Welch et al., 2000 and .
Teleost species also express two functional GAPDH isoforms, GAPDH-1 and GAPDH-2. However unlike mammals, the second isoform GAPDH-2 is not sperm-specific, instead, its transcripts are reported to be widely distributed in most fish tissues (Manchado et al., 2007; Cho et al., 2008) . Also fish GAPDH-2s lack the long N-terminal proline-rich domain that is typically found in their mammalian orthologs (GAPDH-S). Based on these critical differences between fish and mammalian GPADH-2s, the fish GAPDHs have been proposed to experience different evolutionary history from that common to mammalian counterparts . However, in contrast to the richness of information on the mammalian GAPDHs, cellular functions independent of glycolysis have not been extensively studied in fish, although fish GAPDHs might represent basically similar functions seen in mammalian orthologs.
Unlike mammalian GAPDH-1s of which diverse functions are mainly controlled at post-translational levels rather than at transcriptional levels, a few previous studies have shown that fish GAPDHs exhibited a significant regulation at transcription level in response to different stimulatory treatments (Cho et al., 2008) . Although the post-translational regulation of fish GAPDH isoforms have not been yet characterized, the transcriptional alterations of fish GAPDH genes under stimulated conditions were reported to be isoform-specific depending on the kinds of stimulations, suggesting the possibility that the two fish GAPDH isoforms might experience subfunctionalization in nonglycolytic roles (Manchado et al., 2007; Cho et al., 2008) .
In this study, we aimed to evaluate potential diversification between the two GAPDH isoforms in their mRNA (Murray, 2007; Sehgal, 2008; Rebl et al., 2010) . In a comparison of the two mlGAPDH isoforms, mlGAPDH-1 has more copies of C/EBP motifs and proximal CAAT boxes than mlGAPDH-2. On the other hand, the mlGAPDH-2 has revealed more copies of immune-related TF binding sites such as HIF-1, NF-B and STAT sites. Furthermore, mlGAPDH-2 has multiple binding motifs for interferon regulatory factor 1 (IRF-1) and the cAMP response element binding protein (CREBP), which are not clearly seen in the mlGAPDH-1 promoter. In addition, a bioinformatic TF motif search showed that many of the immune-relevant TF-binding sites (e.g., IL-6 REBP, NF-B, and C/EBP sites) were also predicted in intron 1 of the mlGAPDH-2 isoform. More interestingly, a canonical TATA signal was also found in intron 1 of the mlGAPDH-2 (37 bp upstream from the first translated exon 2), which does not occur in intron 1 of mlGAPDH-1, suggesting the possibility of the alternative transcription in mlGAPDH-2 (Mezquita et al., 1998) . On the other hand, the intron 1 of the mlGAPDH-1 revealed two putative metal-responsive elements (MREs) targeted by metal-transcription factor-1 (MTF-1) that has been known as a crucial modulator for metal-coordinating expression of the target genes (Andrews, 2000) . The MRE is observable in neither promoter nor intron 1 of the mlGAPDH-1. The different profiles of TF-binding motifs in mlGAPDH-1 and mlGAPDH-2 suggest the functional differentiation or subfunctionalization of the two isoforms, although the pinpointing the TFs' involvements in the differential modulation of fish GAPDH isoform genes. 
Transcriptional response of mlGAPDH isoforms during E. tarda challenge
During the E. tarda challenge, the mRNA expression pattern of the two mlGAPDH isoforms was different in the kidney and spleen (Fig. 2) . The mlGAPDH-1 isoform was not responsive to the bacterial injection in these two tissues, in which there was not significant different in the transcript level as compared to the PBS-injected control (p > 0.05). However in contrast to the mlGAPDH-1, the transcription of mlGAPDH-2 was significantly stimulated by the same challenge. In kidney, the mlGAPDH-2 mRNA level was elevated up to 4.8-fold relative to the PBS-injected control (p < 0.05). As similarly, the transcript level of mlGAPDH-2 in the spleen was increased up to 4-fold (p < 0.05). Several studies have reported the possible modulation of GAPDH transcripts by different stimulatory factors, undertaken mainly to evaluate the utility of GAPDH mRNA expression as an internal control for gene expression studies in fish (Tang et al., 2007; Mitter et al., 2009; Dang and Sun, 2011) et al., 1998) . To date, molecular mechanism behind the differential regulation of fish GAPDH-2 genes by immune stimulation has not been clearly understood yet, although inflammation-induced GAPDH proteins could be proposed to be involved in triggering the apoptosis of the damaged cells based on the examinations in mammalian GAPDHs (Bannerman and Goldblum, 2003; Li et al., 2005) . In fish, similar finding on the differential induction of GAPDH mRNAs during infectious treatments has been reported only in a couple of species previously (Cho et al., 2008; Booth and BilodeauBourgeois, 2009 ). Nevertheless, previous and present data may support the possibility that the GAPDH isoforms in teleosts may undergo functional diversification in their nonglycolytic roles particularly including the innate immunity. Fig. 2 . Differential expression of mlGAPDH-1 and mlGAPDH-2 isoforms in kidney and spleen during Edwardsiella tarda challenge, as determined by real-time RT-PCR analysis. Based on the normalization against 18S rRNA control, mean ± SDs (from triplicate assays) with different letters were significantly different based on student's t-test at p = 0.05.
Transcriptional response of GAPDH isoforms during heavy metal exposures
Heavy metal exposures also modulated the mRNA expression of both mlGAPDH isoforms and the expression pattern was different between the two isoforms in which the overall inducibility of the mRNA was more significant in mlGAPDH-1 than in mlGAPDH-2 (Fig. 3) . In the kidney, the highest induction was observed in the Cu-exposed group regardless the isoforms (14.2-fold in mlGAPDH-1 and 4-fold in mlGAPDH-2). Other three metals (Cd, Mn and Zn) also activated the transcription of mlGAPDH-1, consequently resulting in the elevated mRNA levels ranging 5-to 11-fold relative to non-exposed control (P < 0.05). However unlike mlGAPDH-1, the exposure with However, the mechanism for induction of mlGAPDH-2 that has MRE in neither promoter nor intron 1 has not been clearly proposed yet. One possible, but untested, explanation is that the Cu exposure may cause a significant damage and/or proinflammatory response in this species, since the heavy metals including Cu have already been known to be able to elicit significantly inflammation and oxidative stress in fish tissues (Bols et al., 2001; Valavanidis et al., 2006) . Severe damage or inflammation might trigger the induced transcription of mlGAPDH-2 having various immune-and stress motifs in its regulatory region. Hence, the induced expression of mlGAPDH-2 might be associated with inflammation-mediated process rather than direction modulation by MTF-1. Our previous finding that the viability of mud loach is more severely damaged by exposure to Cu than other metal ions (Lee et al., 2010) might also be supportive of the present observation on the upregulation of the mlGAPDH-2 by Cu. Fig. 3 . Altered mRNA levels of mlGAPDH-1 and mlGAPDH-2 isoforms during exposure to 5 μM of either cadmium (Cd), copper (Cu), manganese (Mn) or zinc (Zn), as assessed by real-time RT-PCR analysis. The same letters on histograms (a-d for mlGAPDH-1 and x-z for mlGAPDH-2) indicate that means were not statistically different based on ANOVA followed by Duncan's multiple ranged tests (P > 0.05). Asterisks indicate the significant difference from the control level observed in non-exposed group based on the student's t-test (p < 0.05).
In summary, the mRNA expression of two GAPDH paralogs from mud loach was significantly modulated by challenges with bacterial pathogen and heavy metals.
However, the response patterns of the mlGAPDH isoforms to these stimulatory treatments were different from each other. The mlGAPDH-2 has more potential in the response to immune challenge than mlGAPDH-1, whereas the mlGAPDH-1 is more preferentially activated by heavy metal-mediated stimulation than mlGAPDH-2 is. Such an isoform-dependent response pattern is in accordance with the TF binding profiles in their promoters and intron-1s. Collectively, the mlGAPDHs are potentially involved in cellular pathways independent of glycolysis and the two paralogs might undergo functional diversification or subfunctionalization at least at transcription level.
